One of the main functions of macrophages in defense against infections is the ingestion and subsequent intracellular killing of microorganisms. Intracellular killing is mediated by oxidative and nonoxidative mechanisms. Macrophage oxidative antimicrobial mechanisms include the production of reactive oxygen and nitrogen intermediates (17, 33, 34) . Reactive nitrogen intermediates have so far been shown to play a role in the antimicrobial activity of activated rodent macrophages only (34) . The nonoxidative antimicrobial mechanisms of macrophages are less well defined. Presumably they are mediated by acidification of and nutrient deprivation in the phagolysosome and by antimicrobial molecules present in cytoplasmic granules. Such antimicrobial molecules have been extensively studied in granulocytes. Human neutrophils contain a large number of cytoplasmic granules in which several antimicrobial polypeptides have been identified, i.e., defensins, lysozyme, cathepsin G, elastase, proteinase 3, azurocidin, bactericidal/permeabilityincreasing protein, and lactoferrin (reviewed in references 9 and 23). It is known that after ingestion of microorganisms, these antimicrobial polypeptides are transferred from their storage sites in the granules to the phagolysosome, where they can kill ingested microorganisms. In addition to granule-associated antimicrobial polypeptides, neutrophils contain a cytosolic protein, calprotectin, with antimicrobial properties (47, 48) .
In contrast to granulocytes, mature macrophages contain fewer cytoplasmic granules and retain an ability to synthesize granule proteins (13, 45) . Little is known about the presence of antimicrobial polypeptides in these granules. Macrophages from humans and from most animal species have been shown to contain lysozyme, whereas rabbit alveolar macrophages also synthesize and contain defensins (9, 13) . To study antimicrobial polypeptides in macrophages, ANTIMICROBIAL PROTEINS OF MURINE MACROPHAGES 3039 FM pepstatin, 1 mM n-ethylmaleimide, and 2 mM EDTA (final concentrations are given; all proteinase inhibitors were obtained from Sigma Chemical Co., St. Louis, Mo.). The suspension was centrifuged for 10 min at 200 x g to remove intact cells, nuclei, and cellular debris, and the postnuclear supernatant was centrifuged for 20 min at 27,000 x g to obtain a granule-enriched sediment (granule fraction) and a cytosol-enriched supernatant (cytosol fraction). This cytosol fraction was extracted by dialysis against 5% (vol/vol) acetic acid in Spectrapor 3 tubing (Spectrum Medical Instruments Inc., Los Angeles, Calif.), and insoluble material was removed by low-speed centrifugation. The granule fraction was suspended in 50 mM NAPB (pH 6.5) containing the proteinase inhibitors, and the mixture was sonicated on ice twice for 15 s each time at maximum power (Bronwill Biosonik IV; VWR Scientific, Los Angeles, Calif.). The mixture was kept on ice for 30 min, and 30% acetic acid was added to a final concentration of 5% (vol/vol). Following sonication, the mixture was stirred for 18 h at 4°C to extract acid-soluble compounds. Next, this suspension was centrifuged for 20 min at 27,000 x g and the pellet was again extracted as described above. The cleared extracts were dialyzed in Spectrapor 3 tubing against 5% acetic acid and concentrated to 1.5 ml by vacuum centrifugation (SpeedVac; Savant Instruments Inc., Hicksville, N.Y.).
Pentoneal macrophages and spleen cells. Specific-pathogen-free male BALB/c mice (Iffa-Credo, L'Arbresle, France) weighing 20 to 30 g were used. Peritoneal macrophages were collected by lavaging the peritoneal cavity with 2 ml of ice-cold PBS (pH 7.4) containing 50 U of heparin per ml (50) . The composition of the cell suspension was evaluated by using Giemsa-stained cytospin preparations: 63% macrophages, 35% lymphocytes, and 2% granulocytes. Peritoneal macrophages were also obtained from specific-pathogen-free female C57BLI1OJ and CBA/J mice (Jackson Laboratories, Bar Harbor, Maine) and outbred female Swiss Webster mice (Harlan-Sprague Dawley, San Diego, Calif.). These cells were extracted by using the procedure outlined above for granules without previous subcellular fractionation. Spleen cells from BALB/c mice were enriched for T lymphocytes by depletion of B lymphocytes and macrophages, using adherence to nylon wool. The fraction of nonadherent cells consisted of 91% lymphocytes, 7% macrophages, and 2% granulocytes as determined in Giemsastained cytospin preparations. Extracts from the granule and cytosol fractions of these spleen cells were prepared after disruption of the cells by nitrogen cavitation as described above.
Purification of antimicrobial polypeptides. Concentrated granule extract from 2 x 109 cells (approximately 7 mg of protein) was applied to a column of Bio-Gel P-60 (1.5 by 64 cm; Bio-Rad Laboratories, Richmond, Calif.) that was equilibrated in 5% acetic acid. The material was fractionated at a flow rate of 4.5 ml/h, and 2.25-ml fractions were collected. Selected fractions containing antimicrobial activity were lyophilized by vacuum centrifugation and further purified by reverse-phase high-performance liquid chromatography (RP-HPLC) on a C18 column (4.6 by 250 mm; Vydac, The Separations Group, Hesperia, Calif.) with a linear wateracetonitrile gradient that contained 0.1% trifluoroacetic acid as the ion-pairing agent. Final purification was achieved by repurification of the active fractions on the same column with a more shallow water-acetonitrile gradient in the region where the proteins of interest eluted; in these purification steps 0.13% heptafluorobutyric acid instead of trifluoroacetic acid was used as the ion-pairing agent.
The purity of the antimicrobial polypeptides was assessed by Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (41) . The reactivity of these polypeptides with monoclonal antibodies directed against mouse histones (51) (Difco) and washed twice in 10 mM NAPB (pH 7.4), and their concentration was estimated by measuring theirA450 and using the relationshipA450 0.2 = 5 x 107/ml. The antimicrobial activity of samples against these microorganisms were investigated by using two recently described ultrasensitive antimicrobial assays (25) .
(i) Gel overlay assay. Samples were subjected to PAGE with 12.5% acid-urea polyacrylamide gels (acid-urea PAGE). Next the gels were washed in 10 mM NAPB (pH 7.4) (for fungi), and 1% (wt/vol) agarose. The underlay agar for M. fortuitum also contained 0.05% Tween 80. After allowing 3 h for diffusion of its proteins into the underlayer, we removed the PAGE gel and added a nutrient-rich top agar on top of the underlay agar; we then incubated the plate for 18 h at 37°C to allow growth of the microorganisms. The location of antimicrobial polypeptides in the gels was indicated by a clear, microorganism-free zone in the underlay agar. In some experiments agar was removed from these clearance zones, homogenized, and incubated in TSB for 6 h at 37°C to investigate whether the compounds causing these clearance zones did so through a bacteriostatic or bactericidal effect on the target microorganisms. As a control, agar was also removed from the area adjacent to the clearance zones and incubated in TSB. In these samples, bacterial growth was always noted.
(ii) Radial diffusion assay. Samples (5 ,ul in 0.01% [vol/vol] acetic acid) were added directly to 3-mm-diameter wells that were made in an underlay agar (as described above). After incubation for 3 h at 37°C, the underlay agar was covered with a nutrient-rich top agar overlay and incubated for 18 h at 37°C to allow growth of the microorganisms. The presence of antimicrobial activity in the samples was indicated by the presence of a zone of bacterial clearance around the wells. The diameter of this clearance zone was measured and expressed in arbitrary units (AU; 0.1 mm = 1 AU) after subtraction of the diameter of the well (3 mm). The rabbit defensin NP-1, isolated as previously described (44) , was used as a control in the assays for antimicrobial activity.
Amino acid composition and N-terminal sequence analysis. The amino acid composition of the purified polypeptides was determined by quantitating amino acids as phenylthiocarbamyl derivatives on RP-HPLC by using a Novapak C18 column (Millipore) as described previously (2, 14) . The N-terminal amino acid sequence of the purified peptides was determined on a model 475A sequencing system (Applied Biosystems Inc., Foster City, Calif.) as previously described (6, 30) . Sequence data were analyzed by using the SwissProt 19 data base and the FASTA algorithm (36) .
Other methods. The enzymatic activity of the granule marker 3-glucuronidase in Triton X-100 (0.1%, vol/vol)- gave only the a band. Both zones a and ,B were absent when the extracts were made from their cytosol or granule fraction (lanes 6 and 7, respectively).
Another, more diffuse zone of antimicrobial activity was evident when extracts prepared from resident peritoneal macrophages or intact activated RAW264.7 cells or their cytosolic or granule fractions were overlaid on S. typhimurium 14028S (Fig. 1, lanes 1 to 4) . This zone was designated zone ry on the basis of its electrophoretic mobility, which corresponded closely to that of murine lysozyme (data not shown). One additional band of antimicrobial activity, designated zone 8, was evident only with extracts prepared from the whole cells or cytosol fractions of the IFN--y-activated RAW264.7 cells (lanes 1 and 2) .
We also performed gel overlay assays with several other indicator microorganisms, including L. monocytogenes, S. aureus 502A and 42D, M. fortuitum, E. coli, and C. neoformans. The results with L. monocytogenes closely resembled those illustrated in Fig. 1 , except that zone -y was considerably more marked (data not shown). In contrast, we observed only zones a and [ when both S. aureus strains, M. fortuitum, E. coli, and C. neoformans were used as the indicator.
Since S. typhimunum 14028S appeared to be a suitable indicator strain for detecting murine microbicidal proteins (MUMPs), these bacteria were used in the gel overlay procedure to screen the antimicrobial activity of nonactivated RAW264.7 cells; cells from a different murine macrophage cell line (J774A.1); resident peritoneal macrophages from C57BL/1OJ, CBA/J, and outbred Swiss/Webster mice; and peritoneal exudate macrophages from Swiss Webster mice. All reproduced the findings illustrated in Fig. 1 with respect to zones a, B, and -y, indicating that the polypeptides responsible for this antimicrobial activity were not mouse strain specific, macrophage cell line specific, or specific for IFN--y-activated cells. Zone Purification of MUMPs from granules of IFN-y-activated RAW264.7 cells. An acetic acid extract of RAW264.7 cell granules was selected for further purification of the molecules responsible for the antimicrobial activity in zones a and [, since most known phagocyte antimicrobial polypeptides are granule associated. The extract was chromatographed on a Bio-Gel P-60 column, and the fractions were tested for activity against S. typhimurium 14028S and its isogenic, mouse-avirulent phoP derivative S. typhimurium 7953S. Fractions 12 to 19 were active against both strains (Fig. 2) , and fractions 23 to 26 were active only against S. typhimurium 7953S. Lysozyme activity was present in fractions 23 to 27 .
The activity of the Bio-Gel P-60 fractions against L. monocytogenes and E. coli is shown in Fig. 3 . Fractions 12 to 19 were active against both organisms, and fractions 22 to 27 were active only against L. monocytogenes. Two additional peaks, comprising fractions 38 to 42 and fractions 44 to 46, were active only against E. coli.
Since fractions 13 to 18 possessed the widest spectrum of antimicrobial activity, they were subjected to further analysis, beginning with SDS-PAGE, acid-urea PAGE, and the gel overlay assay with S. typhimurium 14028S (Fig. 4) Biogel P60 Fractions   FIG. 3 . Gel filtration of granule extract from IFN--y-activated RAW264.7 cells on Bio-Gel P-60 (2). The antimicrobial activity of the Bio-Gel P-60 fractions shown in Fig. 2 Characterization of purified antimicrobial polypeptides. When subjected to amino acid analysis, all three MUMPs proved to be unusually lysine rich (Table 1 ). All MUMPs were subjected to N-terminal gas phase amino acid sequencing. MUMP-1 proved to be extremely interesting. The fact that we obtained the N-terminal sequence data shown in Table 2 provided prima facie evidence that its N terminus was unblocked. However, its sequence suggested that it was a member of the highly diverse Hi histone family, all of whose other known members are blocked by posttranslational N-terminal acetylation (Fig. 6) . N-terminal sequencing of MUMP-2 gave us a very low yield, suggesting that it was N terminally blocked. At some steps, two residues were noted. Although the sequence data were not adequate to identify MUMP-2, its high lysine/arginine ratio ( 4 . Analysis of selected Bio-Gel P-60 fractions from IFN--yactivated RAW264.7 cells. Fractions were subjected to SDS-PAGE and stained with Coomassie blue (A), subjected to acid-urea PAGE (AU-PAGE) (B), or subjected to acid-urea PAGE followed by the gel overlay assay with S. typhimurium 14028S as the target organism reacts strongly with an anti-mouse histone H2B monoclonal antibody (data not shown). In addition, SDS-PAGE analysis of calf thymus histone H2B demonstrated that it ran almost identically to MUMP-3 as a single component with an estimated Mr of approximately 15,500 (data not shown).
DISCUSSION
The present study demonstrates that mouse macrophages contain, besides lysozyme, three lysine-rich, broad-spectrum MUMPs. These MUMPs were found to be present in cells from the mouse macrophage cell lines RAW264.7 and J774A.1 and in peritoneal macrophages from various mouse strains. Because we used protease inhibitors in isolating MUMPs, our methods were inherently biased against finding precursor molecules that require proteolysis to exert antimicrobial activity. Although Zanetti et al. have reported that precursor forms of the antimicrobial polypeptides called bactenecins exist in bovine neutrophils (55), it is not known whether counterparts exist in macrophages. Since the protease inhibitors would also have inactivated any endogenous proteases, their use might preclude the detection of any MUMPs whose activity depended on intrinsic protease activity. Antimicrobial proteases, whose antimicrobial activity is usually independent of their enzymatic activity, are also known to exist in neutrophils (reviewed in reference 23). Despite these caveats, we did manage to characterize MUMP-1 through MUMP-3 reasonably well and obtained evidence that additional MUMPs exist. MUMP-1 through MUMP-3 proved to be histones or histone-like cationic proteins, molecules whose potent antimicrobial activity has long been recognized (15) . MUMP-1 and MUMP-2 have partial homology with Hi histones in their N-terminal amino acid sequence and amino acid composition, and MUMP-2 is recognized by an antibody directed against histone HiA and/or H1C. MUMP-3 is identical to mouse histone H2B.
Histones have been divided into two functional types: core histones (histones H2A, H2B, H3, and H4) which form an octameric complex with about 146 bp of DNA to create the nucleosome, and Hi linker histones, which seal loops of DNA that enter and leave nucleosomes and condense these structures into compact, higher-order fibers (5, 46) . The structure of the core histones does not differ much among species: the H4 histone of pea plants differs from that of calf thymus by two amino acid substitutions; the H3 molecule differs by only five (53) .
Hi histones are much more varied. At least five principal Hi subtypes (Hla to Hle) exist in most mouse and rat tissues, and their relative rates of synthesis and degradation can differ with the dynamics of cell division, developmental stage, and differentiation (5, 26, 27) . The expression of certain Hi variants is even tissue specific, e.g., the testicular histone Hlt (54) . All of the Hi molecules whose sequence (16), bovine (28) , and murine (54) origin. Fully conserved residues are boxed. The rabbit and bovine sequences were determined directly from the respective proteins, which were N terminally acetylated. The murine Hi sequence was translated from the nucleotide sequence of its gene, and its initial residue (methionine) is not shown in the figure.
Friend erythroleukemia cells (56) . Fluoresceinated calf thymus Hi that was microinjected into renal epithelial cells entered the nucleus but also appeared to accumulate in punctate cytoplasmic organelles when high concentrations were injected or its active transport was inhibited by low temperature or by metabolic inhibitors (3) . Recently, a protein involved in the stabilization of axonemal microtubules of sea urchin sperm flagella was identified as histone Hi (32) . The N terminus of the protein was unblocked, and it migrated on SDS-PAGE as a protein with an Mr of 34,000, thus resembling MUMP-1 and MUMP-2. There is considerable evidence for transport of nonhistone chromosomal proteins from the lysosomal compartment to the nucleus, but whether this is bidirectional has not been established (37, 38) . Therefore, although the presence of several histone-like proteins in nonnuclear subcellular fractions prepared from murine macrophages initially surprised us, it has several precedents. In preliminary immunofluorescence studies with anti-histone H2B monoclonal antibodies, we observed strong cytoplasmic staining and weak nuclear staining. These data indicate that MUMP-3/histone H2B does indeed have a cytoplasmic localization in cells from the RAW264.7 cell line.
Before this work, the only other antimicrobial polypeptides identified in mononuclear phagocytes were lysozyme and defensins. Lysozyme is present in macrophages from most species, but the only mononuclear phagocytes in which defensins have so far been described are rabbit alveolar macrophages (9, 23) . Defensin-related peptides also appear to be present in murine intestinal Paneth cells, since these cells contain mRNA encoding cryptdin, a defensin-related polypeptide (35) . Recently several cryptdin polypeptides with antimicrobial activity have been purified from murine small intestine (7, 43) . Mouse neutrophils, in contrast to other rodent and human neutrophils, do not contain defensins (8). The polypeptides described in the present study are clearly distinct from lysozyme, defensins, and cryptdin. Although it has previously been demonstrated that mononuclear phagocytes may contain additional antimicrobial polypeptides that are distinct from lysozyme and defensins, these compounds have only been partially characterized (20, 52) . Mouse macrophages secrete compounds with Mrs of 15,000 and 30,000 that display static activity against C. neoformans (12). Because these secreted components were only partially purified and characterized, it is not clear whether the MUMPs described in the present study are related to them.
Analysis of the antimicrobial polypeptides present in the cytosol extract from IFN-y-activated RAW264.7 cells by the gel overlay procedure showed the presence of the clearance 18,400- (18) , although values lower than 4.0 have also been reported (52) . In the present study, antimicrobial activity was studied under such mildly acidic conditions (pH 6.5), which had been defined as optimal in preliminary experiments. These preliminary experiments also indicated that the presence of citrate enhances the antimicrobial activity of the polypeptides from the mouse peritoneal macrophages. Citrate most probably enhances the sensitivity of the assay by chelating Ca2' ande Mg2, divalent cations that have been shown to inhibit the activity of defensins against Candida albicans (24) and F. coli (21) . The Ca 2+ concentration in the phagolysosome probably favors optimal antimicrobial activity of antimicrobial polypeptides, since this concentration has been reported to be very low in human macrophages (<100 RM [39] 
